This paper presents new experimental data and modeling of a copper (II) chloride (CuCl2) hydrolysis reactor for thermochemical hydrogen production with the Cu-Cl cycle. A hydrated nitrogen stream reacts with CuCl2 particles at various temperatures between 365°C and 400°C to investigate the reaction extent of steam in the endothermic reactor. Thermal decomposition of the solid reactant is examined by monitoring the chlorine production in the gaseous effluent. The theoretical maximum steam conversion is calculated from the Gibbs reaction energy and compared with the experimental results via the reaction quotient. The results of this paper provide significant new data to achieve higher conversion efficiencies of steam in the Cu-Cl cycle than previously obtained in past experimental and predictive data.
Introduction
In a past study for NHI (Nuclear Hydrogen Initiative; [1] ), a comprehensive analysis of different thermochemical cycles for hydrogen production was performed. Lewis and Masin [1] reported that the Cu-Cl cycle was a promising cycle due to its lower maximum temperature than other cycles, no catalyst required, and reactions going to completion with minimal side reactions.
In past studies that evaluated thermochemical cycles for hydrogen production, Andress et al. [2] reported five critical areas of research. These include: (i) conceptualization, (ii) reaction cluster synthesis, (iii) flow sheet design, simulation, and analysis, (iv) process integration and (v) performance evaluation. Development of the Cu-Cl cycle has previously completed the first three stages [3] , with system integration of experimental unit operation still remaining. This paper presents new experimental results of key parameters related to the hydrolysis reactor's performance, for the reactor's integration with other system components of the Cu-Cl cycle.
Past studies of the Cu-Cl cycle [4, 5] have utilized three variations to split water into hydrogen and oxygen. The cycle forms a closed internal loop to continuously reuse all of the copper and chlorine compounds in the cycle, by transferring and recycling the chemicals between the three reactors. Development of each reactor in the cycle has achieved significant progress towards an integrated cycle [4, 5] . However, recent studies have indicated that the hydrolysis reactor may impose a significant challenge for achieving high cycle efficiencies. In the hydrolysis reactor, steam is decomposed into hydrogen chloride and copper oxychloride by reacting with copper (II) chloride, i.e., 2CuCl(s) + 2H2O(g) = Cu2OCl2(s) + 2HCl(g) at ≈ 375°C. However, nearly complete conversion of the solid reactant is necessary for the following downstream thermolysis reaction and high steam conversion is necessary for the operation of the electrolyzer [6] . Recent electrolyzer results indicate that a specific HCl / H2O concentration of 6 M to 11 M [4, 5, 7] is needed for effective operation.
In past experiments with a hydrolysis spray reactor, the H2O and CuCl2 reactant was injected into the reactor as an aqueous solution, with argon as an inert carrier gas [8] . Using a pneumatic nebulizer, Ferrandon et al. [8] achieved a molar steam to copper chloride ratio of 21, based on X-ray diffraction (XRD) analysis of CuCl2 and Cu2OCl2 in the products. To achieve the desired quantities of Cu2OCl2 in the products, the argon gas flowrate was 400 mL/min (at lower argon flowrates, insufficient Cu2OCl2 is produced to be identified by XRD analysis). Ferrandon et al. [8] have shown that higher flowrates cause smaller droplet sizes which enhance the reaction by increasing the surface area of the droplets.
During hydrolysis spray reactor experiments with an ultrasonic nozzle, Ferrandon et al. [9] injected a mixture of argon and aqueous CuCl2 into the reactor. The authors found that a steam to copper chloride ratio of 20 produced the highest yield of desired products, with higher or lower ratios increasing both CuCl2 and/or CuCl in the reactants. When the system pressure was reduced to between 0.4 atm(absolute) and 0.7 atm(absolute), the optimum ratio was reduced to 15 [9] . Under these conditions, an undesirable product, Cl2, was significantly reduced due to the large steam-tocupric chloride ratios, which influence both the reaction equilibrium and kinetics. By studying the reaction kinetics, Daggupati et al. [10] modeled data at 350°C and 400°C, where complete conversion of the solid reactant can be achieved with a steam to copper chloride ratio of 40 (mol) and 28 (mol), respectively.
Reducing the steam requirement and undesirable production of Cl2 of the hydrolysis reactor is a key parameter to achieve higher cycle efficiency. If the gaseous HCl / H2O mixture exiting the hydrolysis reactor is below the requirements of the electrolyzer, an energy intensive concentration process is required, which will significant reduce the efficiency of the Cu-Cl cycle.
In this paper, the focus is to present new experimental results to reduce the steam requirements of the hydrolysis reactor by investigating the steam conversion efficiency, reaction quotient and chemical equilibrium. Since there exists the side reaction leading to the undesirable production of Cl2, preliminary reaction kinetic data will be reported in this paper to examine the influence on the equilibrium steam requirement.
Formulation of reaction quotient and equilibrium constant
In this section, the reaction quotient for a CuCl2 hydrolysis reactor, based on the molar flows of the gaseous stream, is presented. The hydrolysis reaction is represented as:
where HCl product is condensed and sent to a downstream electrolyzer for hydrogen production in the Cu-Cl cycle. Copper oxychloride (Cu2OCl2) product is moved to a downstream thermolysis reactor for oxygen production. The Gibbs free energy of the reaction is represented by the difference in Gibbs free energy of formation of the products ( ∆ ,°) and reactants (∆ ,°) :
where the superscript " o " means the standard state.
Calculated values of ∆°( ) and ∆°( ) yield the Gibbs formation free energy at various temperatures.
Equation ( The partial pressure of the gaseous compounds can be represented in terms of the molar fraction as follows: =
and
where NT represents the total number of moles in the reactor. If an inert gas is present, then NT can be represented by = + 2 + , where represents the number of gaseous moles not participating in the reaction (e.g. an inert carrier gas). Substituting Eqs. (7) and (8) into Eq. (6) and rearranging yields
These expressions will be used to minimize the steam requirements of the hydrolysis reactor.
As presented in Eq. (4), an effective method to approach the equilibrium is to significantly increase the residence time of CuCl2 and H2O, to provide a longer contact time between the two reactants. However, there also exists a side reaction which produces chlorine from CuCl2 thermal decomposition, i.e., CuCl2(s) = CuCl(s) + 0.5Cl2(g), which is increased with longer residence times.
Chlorine gas production will affect the quantity of desirable products, HCl and Cu2OCl2, due to the undesirable decomposition of CuCl2 (although the equilibrium constant is unaltered by the formation of Cl2). This paper will also present new experimental results on Cl2 formation kinetics from CuCl2 decomposition.
Experimental hydrolysis reactor with humidified nitrogen
The experimental apparatus consists of a packed bed reactor and a humidifier operating at ambient temperature. As illustrated in Fig. 1 , the experimental setup includes a series of components to prepare the gaseous reactant before entering the reactor. Nitrogen flows through a number of flow control valves, as well as pressure and temperature sensors before entering the humidifier system.
The hydrator piping is half filled with distilled water, which partially saturates the nitrogen as it flows through the heated hydrator piping and over the distilled water. This design effectively delivers a low flow and precisely controlled steam flow rate and fraction, while enhancing the mixing of gas and solid reactants because of the additional nitrogen carrier gas. The nitrogen flow rate is controlled by two flow control valves, with ranges of 0 to 2 LPM and 0 to 50 LPM, respectively. The temperatures and pressures are measured before entering the hydrator, so the molar flow rate of N2 is determined as
A humidity sensor is positioned after the humidifier to measure the molar flow rate of H2O in the reaction stream, ̇2 , , which can be calculated from the nitrogen flow rate, temperature and relative humidity, as follows,
The density of H2O ( 2 ) in the flow is then calculated from the measured humidity and nitrogen flow rate as follows [12] ,
where and T H represent the relative humidity and temperature of the steam exiting the humidifier. The partial pressure of H2O ( 2 ) is determined by [12] :
A secondary flow path is included in the experimental design which allows isolation of the hydrator, bypassing directly to the reactor, thus allowing for purging and preheating, without introducing steam.
The undesirable decomposition of CuCl2 may release Cl2, and will contribute to chloride formation in the gaseous product (in addition to a chloride contribution from the desirable product of HCl). Thus, after leaving the reactor vessel, the flow is directed through a chlorine meter to determine the fraction of chlorine ( 2 ) in the fluid stream, allowing the flow rate of chlorine to be determined by
Subsequently, the flow passes through a scrubber, which contains distilled water and sodium hydroxide (NaOH) solution that reacts with the product fluid stream, to produce sodium chloride (NaCl).
The chloride concentration of the scrubber solution is measured from the samples, at periodic intervals, during the reactor operation.
The total copper presence in the effluent stream is measured by an HACH copper colorimeter II. The total copper is equated with CuCl and CuCl2 to estimate the amount of entrained solid in the gaseous stream. The concentration of HCl is determined by the chloride concentration of samples from the scrubber solution, considering any chlorine production and entrainment, which also reacts with NaOH. The flow rate of HCl (̇, ) out of the reactor is determined from Eqs. (1), (14) , and (15), as follows,
where ∆ represents the time between each sample from the scrubber solution.
To determine the fluid flow regime in the reactor, the predicted minimum fluidization velocity (Vmf) is compared with the measured velocity. If the flow condition is below or above the minimum fluidization velocity, then the fluid flow in the reactor can be represented by a packed or fluidization regime, respectively. The minimum fluidization velocity can be represented by [13] :
where , , , , , , and Φ represent the particle diameter, solid density, vapour density, gravitational acceleration, gaseous viscosity, void fraction (at minimum fluidization velocity), and sphericity, respectively.
Results and discussion
In this section, the predicted and experimental results of the packed bed reactor with humidified nitrogen are examined with respect to the steam conversion efficiency and thermodynamic equilibrium. Four separate experiments are performed with the experimental reactor. As shown in Table 1 , each experiment is performed at a constant temperature, particularly, 400°C, 365°C, and 390°C (two experiments), with the reaction maintained for 30 minutes to 2 hours for the various experiments. The reaction temperature is obtained from a thermocouple located in the gas stream directly before the perforated plate which holds the CuCl2 reactant. After each experiment, the reactor is purged with nitrogen, and then left to cool overnight before the solid product is removed in the following morning. Immediately after the solid product is removed, it is placed in a closed glove box with a nitrogen flow, where the containers are purged of air before they are sealed for XRD testing. In the first three experiments, 100 g of CuCl2 is placed in the reactor vessel, and increased to 450 g in the final experiment (Test 4), which aims to validate the results of Test 3.
At the end of each test, the scrubber solution is tested for the presence of copper (Cu) and iron (Fe). The amounts were found to be negligible for both elements. The absence of copper in the scrubber solution suggests that solid entrainment was negligible, so CuCl2, CuCl, and Cu2OCl2 Table 2 .
Experiment 1 (400°C)
In the first experiment, the 3 thermocouples in the reactor reach equilibrium at 300°C, before the temperature is increased to the reaction temperature. The dashed lines in Fig. 2 represent the start and end of H2O flow through the reactor (i.e., when the humidifier bypass is turned off and on, respectively), with H2O flow initiated at 258 min. Immediately before changing the position of the bypass valves to allow flow through the humidifier, the reactor's effluent is directed away from the chlorine meter to the NaOH scrubber. After changing the position of the bypass valves to stop flow through the humidifier, the reactor's effluent is directed away from the NaOH scrubber to the chlorine meter. The chlorine detected between the two dashed lines (during the reaction) occurs from the residual nitrogen / chlorine mixture in the chlorine meter piping. It does not represent the chlorine produced during the reaction. As illustrated in Fig. 2b , chlorine fraction is measured and recorded every 1.6 s, however, the chorine fraction is presented every 10 minutes with error bars representing the variability in the measurements.
As illustrated in Fig. 2b , the chlorine production increases dramatically as the reactor temperature reaches 400°C. This dramatic rise in temperature indicates that 400°C is slightly above the optimum reaction temperature, which should be below the point of significant Cl2 production.
The average chlorine production during the five minutes is taken before initiating steam flow. This predicts a chlorine production rate of 2.3% (volume) in the gaseous effluent. As illustrated in Fig.   3 , the solid product is a fine powder. The colour is relatively consistent, dark brown, throughout the sample. The sample was taken from the center of the solid product in the reactor, although the appearance of the products was homogenous throughout the solid.
In Fig. 4 , an XRD (X-ray diffraction) result of the solid sample is presented. The presence of various compounds of Mg, Fe and Al-related chlorides, oxides and hydroxides was investigated, with no matches. Strong evidence of CuCl is exhibited, with minor constituent of CuCl2. The significant XRD results of solids of the hydrolysis reactor connected to an ambient humidifier are presented in Table 3 . In Table 3 , the hydrolysis reaction at 400°C decomposed the majority of the solids into CuCl. Care was taken to limit solid decomposition during preheating.
In Fig. 5 , the steam requirement is presented for the reaction temperature of 400°C, comparing two chlorine percentages in a cumulative plot with respect to time. The time is taken to be 0 at the start of the reaction (i.e., at 258 minutes). The measurements of the chlorine meter suggest that the maximum volume of chlorine is 2.3%. Assuming a chlorine fraction of 0.023 during the reaction results in more chlorides in the scrubber solution from the chlorine presence than the total amount of chlorides measured in the scrubber (i.e., second term in Eq. (16) is larger than the first term). The maximum amount of Cl2 that can be assumed present during the reaction is 1.1%. In Fig. 5 , the data points for Cl2 = 1% are omitted before 20 minutes, because they are negative (not physically possible).
Experiment 2 (365°C)
In the second experiment, the 3 thermocouples in the reactor are allowed to reach equilibrium at 200°C, before the temperature is increased to the reaction temperature. The dashed lines represent the start and end of H2O flow through the reactor, with H2O flow initiated at 125 min. Before changing the position of the bypass valves, the reactor's effluent is directed away from and towards the chlorine meter and NaOH scrubber.
As illustrated in Fig. 6 , chlorine is produced when the temperature increases above 200°C, rising to a maximum of 0.23%, before initiating the H2O flow, and directing the reactor effluent away from the chlorine meter. Taking the average chlorine production during the five minutes before initiating H2O flow yields a chlorine production rate of 0.198% (volume) in the gaseous effluent. After the reaction is stopped, the effluent is directed through the chlorine meter (second vertically dashed line in Fig. 6 ). The chlorine volume drops from 0.15 in the residual effluent, to 0.1 after the reaction. During the reaction, the chlorine production rate was reduced, possibly due to a surface film of Cu2OCl2 on the reactant surface. The transient molar flowrates of the gaseous compounds in the hydrolysis reactor at 365°C are presented in Fig. 7 .
The Cl2 percentage, presented in Fig. 6 , is significantly lower than in Fig. 2 . This is explained by the reduced decomposition kinetics of CuCl2 at the lower temperature (365 o C) of the experiments in Fig. 6 , compared to higher temperature (400 o C) in Fig. 2 . These results suggest that temperature plays a vital role in the formation kinetics of Cl2, however, determining the limiting steps of Cl2 and hydrolysis kinetics requires further investigations. with minor constituent of Cu2OCl2. As presented in Table 3 , the hydrolysis reaction at 365°C showed evidence of some decomposition into CuCl, with other reactants remaining as CuCl2.
In Fig. 10 , the cumulative flow of nitrogen and steam into the reactor, and chlorine and hydrogen chloride flow out of the reactor, are presented. The volume flow of chlorine is assumed to be 0.1%. The variations in the slope of the molar flows follow changes in the nitrogen flowrate.
As presented in Eqs. (11) and (14), they are directly coupled with the nitrogen flowrate. The HCl production rates are taken from measured samples of the NaOH scrubber solution.
In Fig. 11 , the steam requirement is presented for the reaction temperature of 365°C, comparing three chlorine percentages in a cumulative plot with respect to time. The measurements of the chlorine meter suggest that the maximum volume of chlorine is 0.2%, which can be considered the maximum possible chlorine present in the reactor. The three chlorine percentages are 0.2%, 0.1% and 0%. In Fig. 11 , the data point for Cl2 = 0.2% is omitted at 25 minutes, because it is above the view of the plot, at an excess steam ratio of 24.
Experiment 3 (390°C)
In the third experiment, the 3 thermocouples in the reactor are allowed to reach equilibrium at 260°C before the temperature is increased to the reaction temperature. The dashed lines represent the start and end of H2O flow through the reactor, with H2O flow initiated at 119 min.
Immediately before changing the position of the bypass valves, the reactor's effluent is directed away from and towards the chlorine meter and NaOH scrubber.
As shown in Fig. 12 , chlorine is produced when the temperature increases above 200°C, rising to a maximum of 0.35%, before initiating the H2O flow, and directing the reactor effluent away from the chlorine meter. Using the average chlorine production during the five minutes before initiating H2O flow yields a chlorine production rate of 0.18% (volume) in the gaseous effluent. The large variation between the chlorine percentage before initiating the H2O flow and the 5 minutes average is caused by the sudden rise in chlorine production immediately before the start of the reaction. During the reaction, the chlorine volume in the residual effluent in the chlorine meter tubing rises to above 0.55%, suggesting that the difference between the chlorine volume at the reaction start, 0.35%, and the residual effluent during the reaction (0.55%) is caused by starting the reaction as the product temperature is still rising. This limits the ability to obtain accurate predictions of the reactant decomposition, but also reduces the reactant decomposition which helps to provide more reliable results. After the reaction is stopped, the effluent is directed through the chlorine meter (second dashed line in Fig. 12 ). The chlorine volume drops from 0.55 in the residual effluent to 0.3 after the reaction, then continues to increase up to 0.55. This result suggests that during the reaction, the chlorine production rate was suppressed from 0.55 to 0.3.
As illustrated in Fig. 13 , the molar flowrates of nitrogen, chlorine and steam out of the reactor follow similar trends during the hydrolysis reaction. The fluctuations at the start of the reaction are caused by changing valves to redirect the flow through the humidifier. The solid product, illustrated in Fig. 14, showed In Fig. 16 , the cumulative flow of nitrogen and steam into the reactor, and chlorine and hydrogen chloride flow out of the reactor, are presented. The volume flow portion of chlorine is assumed to be 0.5%. The HCl production is taken from measured samples of the NaOH scrubber solution.
In Fig. 17 , the steam requirement is presented for the reaction temperature of 390°C, comparing three chlorine percentages in a cumulative plot with respect to time. The time is taken to be 0 at the start of the reaction. The measurements of the chlorine meter suggest that the maximum volume portion of chlorine is 0.182%, which is the maximum possible chlorine present in the reactor. The three chlorine percentages are 0.5%, 0.18% and 0%. In Fig. 17 , all three assumptions for the volume of chlorine production produce a steam requirement that drops to near stoichiometric conversion of H2O at 30 minutes into the reaction.
Experiment 4 (390°C -Validation)
In the fourth experiment, the 3 thermocouples in the reactor were allowed to reach equilibrium at 300°C, before the temperature was increased to the reaction temperature. The H2O flow through the reactor was initiated at 209 min. In Experiment 4, the chlorine production was assumed to be 0.5% (Fig. 18 ).
In Fig. 19 , the cumulative flow of nitrogen and steam into the reactor, and chlorine and hydrogen chloride flow out of the reactor, are presented. The volume flow portion of chlorine is assumed to be 0.5%. The HCl production is taken from measured samples of the NaOH scrubber solution.
Validation of the steam requirement, for the reaction temperature of 390°C, is presented in Fig. 20 . The three chlorine percentages are 0.5%, 0.18% and 0%. All three assumptions for the volume of chlorine production produce a steam requirement that drops to near stoichiometric conversion of steam at 80 minutes into the reaction. This plot exhibits good agreement with the results of Experiment 3, and provides useful validation of the results at 390°C with humidified nitrogen. These results are very promising because they demonstrate much lower steam to copper chloride ratios than previously reported in past literature [8] [9] [10] . As a result, they can lead to significantly higher efficiencies of the Cu-Cl than previously reported with higher steam to copper chloride ratios.
In this paper, the steam requirement of the hydrolysis reaction was investigated in terms of the reaction quotient. The hydrolysis reaction has competing rate limiting factors in the process, such as heat transfer, mass transfer, and chemical kinetics that can affect the reaction quotient by increasing the time requirement to reach equilibrium. In Figs. 17 and 20 , the steam requirement initially reduces with time before reaching a minimum and gradually increasing. The cumulative effects of mass transfer between the gas and solid reactants are likely the major factor causing the initial reduction. In Figs. 11, 17 , and 20, the steady rise in steam requirement suggests that physical resistances to the reaction are developing [11] , likely a crust of Cu2OCl2 is forming on the outside of the CuCl2 particles, creating resistances in the reactor. In these experiments, thermal equilibrium is attained before the reaction is initiated. Furthermore, a large amount of thermal energy is contained in the reactor vessel and furnace, compared to a small quantity of solid reactant, thus heat transfer is likely not a rate limiting factor in these experiments. However, small differences in the preheating parameters for each experiment can affect the results, such as the small differences in the chlorine production response time. The high steam conversion achieved in this paper, with the small contact time (< 0.5 s) between the solid (CuCl2) and gas (H2O) reactants, caused by the small quantity of CuCl2, suggest that chemical kinetics are not the rate limiting factor in these experiments.
Conclusions
In this paper, new experimental data was presented for the hydrolysis of humidified nitrogen in a vertical reactor with solid CuCl2 particles. Promising results were achieved, whereby the steam requirement can be reduced to between 3 and 0.5 (molar), with minimal chlorine production. It suggests that the hydrolysis reactor can achieve conversion efficiencies to supply the necessary HCl / H2O concentration to the electrolyzer without an HCl / H2O concentrating process. This is a significant breakthrough in the development of the Cu-Cl cycle, as it eliminates an energy intensive process of separating HCl gas and steam. These results benefit the system's ability to scale-up and integrate with other steps of the Cu-Cl cycle, while providing a more competitive process of hydrogen production relative to other technologies, in terms of economic and environmental concerns. 
